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uanweng@tsinghuAbstract The zirconia-doped mullite gel ﬁbers were prepared via a sol–gel method. The thermal
behaviors of the gel ﬁbers during pyrolysis were investigated by means of thermal gravity-
differential scanning calorimetry (TG-DSC), in-situ fourier transform infrared spectroscopy (in-situ
FTIR), X-ray diffraction (XRD) and transmission electron microscope (TEM). It was found that
the mass loss during calcination can be divided into two stages, i.e. 50% below 400 1C and 3%
during 550–700 1C. The three exothermic peaks in DSC curves were attributed to the burning of
organics, decomposition of nitrates and mullite transformation, respectively. H2O, CO2 and NO2
were generated during the pyrolysis of mullite gel ﬁbers, and the concentration of NO2 was higher
than CO2. The activation energy (Ea) of mullite transformation was calculated by a non-isothermal
method, which was the smallest for the 1% ZrO2-doped gel ﬁber (1145 kJ/mol).
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.1. Introduction
Mullite (3Al2O3  2SiO2) ﬁbers have been recognized as impor-
tant insulation materials or composite reinforcements for theiresearch Society. Production
reserved.
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a.edu.cn (D. Weng).excellent creep resistance, thermal shock resistance, chemical
stability and high temperature strength [1,2]. Compared with
C or SiC ﬁbers, mullite ﬁbers show an inherent oxidation
resistance, which makes it superior to non-oxide ceramic
ﬁbers, especially for long-term high-temperature applications
under harsh cycling conditions [3,4].
It is important to investigate the thermal behavior of the
mullite gel ﬁbers because of the great inﬂuence of calcination
on ﬁber densiﬁcation, morphology quality and the grain
growth [4]. Due to the existence of mixed ionic and covalent
atomic bonds, mullite ﬁbers exhibit high reactivity and exces-
sive grain growth at high temperatures, especially for
ploycrystalline and single phase ﬁbers [5,6]. Ru¨scher et al. [7,8]
proposed to overcome these problems by using single crystal
ﬁbers, which is usually limited in the uncontrollable change in ﬁber
composition, poor productivity rate and high cost [9]. Another
attempt is partially succeeded by doping B element in Nextel
TM
W. Wang et al.214ﬁber: the grain growth is inhibited but the volatilization of boria
above 1000 1C also causes the ﬁber shrinkage [10].
In our previous work [11], zirconia, as a refractory oxide,
has been utilized in mullite ﬁbers via a sol–gel method. The
ﬁber with the speciﬁed content of zirconia (1% wt) showed the
smallest grain-growth rate when the calcination temperature
was raised from 1000 1C to 1300 1C, which indicated the
inhibiting effect of zirconia on the grain growth of mullite.
In the present study, the thermal behaviors of the zirconia-
doped gel ﬁbers were investigated and the effect of zirconia
doping on mullite formation kinetics was discussed through a
non-isothermal method. Furthermore, the thermal decompo-
sition process of the gel ﬁbers was illustrated and the effect of
doping on mullite formation was also conﬁrmed.Fig. 1 TG (a) and DSC (b) curves of the gel ﬁbers (10 1C/min, in
N2 atmosphere, 50 ml/min).2. Experimental
2.1. Preparation
Aluminum isopropoxide (AIP, AR, Sinopharm), aluminum
nitrate (AN, AR, Modern Eastern) and tetraethyl orthosilicate
(TEOS, AR, Yili) were used as the precursors. Zirconia
(Weifu) were added to the sol system as zirconium acetate
sol (ZA) with the 28% ZrO2 content. The zirconia doped
mullite gel ﬁbers were prepared via a sol–gel method and the
details had been described in reference [11]. Different amounts
of zirconia were added and the prepared samples were denoted
as Zr0, Zr0.5, Zr1, Zr2 and Zr3, respectively, according to the
weight percentage of ZrO2/mullite. The gel ﬁbers were dried at
110 1C overnight and calcined at different temperatures for 1 h.
2.2. Characterizations
The thermal behaviors of the gel ﬁbers were investigated by
Mettler Toledo TGA/DSC 1 instruments. 20 mg of the ﬁber
samples were loaded in an alumina sample cell. The tempera-
ture was ranged from room temperature (RT) to 1100 1C in
ﬂowing N2 (50 ml/min) with different heating rates (10 1C/
min, 15 1C/min, 20 1C/min), for calculation of the activation
energy in mullitization via a non-isothermal method.
The in-situ Fourier transform infrared (in-situ FTIR)
spectroscopy of the gaseous species formed during heating
was recorded on Nicolet IS10 spectrometer, in which a
temperature-programmed oxidation (TPO) reaction apparatus
was applied. 0.5 g gel ﬁbers was sandwiched by quartz wool
and placed in a tubular quartz reactor, and the oxidation
test was carried out from RT to 850 1C at a heating rate of
10 1C/min in 20% O2/N2 (500 ml/min). The IR spectra were
recorded using the corresponding background previously
obtained at the same temperature in N2 atmosphere. After
calibration by standard gas, the concentration data can be
obtained on Nicolet IS10 spectrometer.
The powder X-ray diffraction (XRD) patterns were deter-
mined by a Japan Science D/max-RB diffractometer employ-
ing Cu Ka radiation (l¼0.15418 nm). The X-ray tube was
operated at 40 kV and 120 mA. The X-ray diffractograms
were recorded at 0.021 intervals in the range of 101r2yr601
with a scanning velocity of 41/min.
Transmission electron microscope (TEM) images were taken
using a FEI Tecnai G2 20 with an acceleration voltage of
200 kV. The ﬁbers were milled into powder and supersonicdispersed in absolute ethanol for 15 min. Then the dispersed
solution can set drop-wise by capillary tube on copper grids,
which had previously been coated with a holey thin carbon ﬁlm.3. Results and discussion
3.1. TG-DSC
The thermal behaviors of the gel ﬁbers were investigated by
TGA/DSC 1 in N2 atmosphere. Fig. 1 shows the TG/DSC
curves of the ﬁve gel ﬁbers. In the case of TG curves
(Fig. 1(a)), a signiﬁcant mass loss (about 47%) was observed
for Zr0 sample during heating from room temperature to
400 1C, which mainly derived from the desorption of physi-
cally absorbed water, decomposition of nitrates and oxidation
of organic substances [12]. However, a larger mass loss of
about 50% was observed in the case of the doped samples.
The excess mass loss can be associated with the more organic
compounds such as zirconium acetate introduced. Only about
3% of mass loss was observed for all the samples in the
temperature range of 550–700 1C, which can be attributed
to the decomposition of residual nitrates or organics. No
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above 700 1C.
The DSC curves of the gel ﬁbers are shown in Fig. 1(b). All
the samples showed a sharp exothermic peak at about 995 1C,
which was assigned to the mullite transformation [13]. No
mass loss occurs along with the formation of mullite. It has
been reported that precursor ﬁber possess 10%–15% free
water [14], whose desorption is responsible for the endother-
mic peak at 120 1C. The exothermic peaks at 250 1C and
450 1C were attributed to the oxidation of organics and
decomposition of nitrates, respectively [15]. An endothermic
peak was presented at 750 1C before the mullite transforma-
tion, which was related to the nucleation of mullite or
diffusion of Al/Si components.3.2. In-situ FTIR
For further comprehension of the thermal decomposition
process of gel ﬁbers, the gaseous species generated during
pyrolysis were illustrated by an in-situ FTIR spectra method
[15]. As shown in Fig. 2(a), the main gaseous species of Zr0 are
H2O, CO2 and NO2, corresponding to the evaporation of H2O,
oxidation of organics and decomposition of nitrates in Fig. 1.
For other doped samples, the identical gaseous species were
also presented in Fig. 2(b) and (c), indicating that no new
species were formed with the introduction of zirconium acetate.
When the gel ﬁbers were heated, evaporation of water had the
maximum rate around 100 1C and deceased below 250 1C, which
was lower than the temperature at which the maximal NO2
concentration was presented. The formation of NO2 started above
200 1C, reached the maximum at 300 1C, and deceased around
400 1C. The NO2 release in the temperature region of 550–600 1C
was also observed, corresponding to the mass loss at about 550 1C
in Fig. 1(a). The formation of CO2 started at 200 1C, reached the
maximum at 250 1C, and deceased at around 400 1C.Fig. 2 In situ-FTIR spectra of gaseous species generated during
heating of Zr0 (a), Zr1 (b) and Zr3 (c) gel ﬁbers (10 1C/min, in
20% O2/N2, 500 ml/min).3.3. Concentration of NOx and COx
Based on the results from in-situ FTIR, the gaseous species
generated during the pyrolysis of all gel ﬁbers are identical.
Hence, further quantitative experiment of only Zr0 sample
was performed on IS10 after the calibration by standard gas.
As shown in Fig. 3(a), the concentration of generated NO2
was higher than NO, which meant the major product in
decomposition of nitrate was NO2. For NOx, two release
regions can be observed: the ﬁrst one located at 200–400 1C
and the second range was from 500 1C to 600 1C. Together
with the results in Fig. 1(a) and Fig. 2(a), it is reasonable to
ascertain that the mass loss above 550 1C is assigned to the
thermal decomposition of residual nitrates.
The release of COx is shown in Fig. 3(b). The major specie
in oxidation of organics was CO2, which generated mainly
during 200–400 1C and a maximal concentration of 90 ppm
was presented at 280 1C. The concentration of CO was lower
than CO2 and exhibited a sudden decrease at 250 1C, which
corresponding to the increase of CO2. Conclusively, the
concentration of COx was lower than NOx, which implied
that the removal of organics was through not only oxidation
but also volatilization.3.4. XRD
The X-ray diffraction patterns of the samples calcined at
different temperatures are shown in Fig. 4. For the undoped
sample (Fig. 4(a)), the gel ﬁbers calcined at temperatures from
200 to 600 1C were amorphous. Crystallization of mullite was
observed during the calcination at 700–1000 1C, which was in
accordance with Huling’s ﬁnding [16]. The mullitization
occurs below 1000 1C. This fact indicates that the precursor
sol was a monophase one, in which Al and Si components
were mixed homogeneously at a molecular level [17]. The
Fig. 3 Concentration of NOx (a) and COx (b) generated during
the pyrolysis of the Zr0 gel ﬁbers (10 1C/min, in 20% O2/N2,
500 ml/min).
Fig. 4 XRD patterns of Zr0 (a), Zr1 (b) and Zr3 (c) samples
calcined at different temperatures for 1 h.
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formation of tetragonal metric-like mullite [18].
For the doped samples, the temperature that mullite
appeared depends on the content of zirconia. As shown in
Fig. 4(b), the weak peaks of mullite appeared at 600 1C in Zr1,
validating the promote effect of zirconia on mullitization in
our previous report [11]. However, the peaks of mullite were
not observed over Zr3 sample until the temperature increased
to 800 1C. This fact indicates that the introduction of excessive
zirconia inhibits the mullitization process, which can be
associated with the enhanced dragging effect of ZrO2 on
mullite grain boundaries [19]. Besides, the mulltization process
can also be affected by the dispersed state of zirconia [20], the
well dispersed zirconia can promote the nucleation and the
aggregated zirconia inhibits the movement of grain boundary.3.5. Activation energy of mullitization
The activation energy (Ea) plays an important role in mulli-
tization. To investigate the effect of zirconia doping, the Ea
values of different gel ﬁbers were calculated by the non-
isothermal method with the Kissinger equation (Eq. (1)), usingthe peak temperatures from DSC curves obtained at different
heating rates [21].
ln
T2p
v
 !
¼ ln Ea
R
 
ln fþ Ea
RTp
ð1Þ
where Tp was the temperature of the exothermic peak top
(crystallization temperature), v the heating rate, Ea activation
energy, R universal gas constant and f the frequency factor
(which was a constant dependent of the sample).
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mined from the slope by plotting of lnðT2p=vÞ versus 1/Tp as
shown in Fig. 2(a). For comparison, the calculated Ea values
are listed in Fig. 2(b). The calculated Ea of Zr0 sample
(1155 kJ/mol), which was similar to the result of Ref. [22],
validated the conclusion that the precursor ﬁbers are from
monophasic sol. It can be seen that, when the doping amountFig. 5 Activation energy plot (a) according to Eq. (1) and the
calculated Ea values (b).
Fig. 6 TEM micrograph and the SAED pattern of Zr0of zirconia was lower than 1%, the Ea showed a decreasing
tendency with the increasing zirconia contents. For the high-
zirconia-doping samples (Zr2 and Zr3), higher Ea values were
attained. The lowest Ea value was achieved on Zr1 sample.
Based on our previous study [11], the variances in the Ea value
derived mainly from the different dispersion state of zirconia.
The introduction of excessive zirconia can result in the
aggregation of zirconia itself, which would elevate the Ea
values. On the other hand, for the well-dispersed zirconia, the
decrease of Ea in mullitization should associate with the
promote effect of zirconia on nucleation or even the phase
separation due to the decomposition of organics in gel ﬁber
[23]. (Fig. 5)3.6. TEM
For further investigation of zirconia doping on mullitization,
the transmission electron microscope (TEM) images and the
selected area electron diffraction (SAED) of Zr0 and Zr1
samples are shown in Fig. 6. After calcinations at 1000 1C, the
bright diffraction spots of mullite grains can be observed in
the SAED of Zr0 sample in Fig. 6(a). Besides, the diffraction
rings belonged to amorphous SiO2 can also be observed,
which was in good agreement with the XRD result from
Fig. 4(a) that tetragonal metric-like mullite was formed. As
shown in Fig. 6(b), the formation of mullite grains Zr1 sample
was crystallized in higher degree than Zr0 sample, for the
appearance of diffraction fringe. The SAED pattern of Zr1
sample also implied the higher crystallization degree, because
of the less diffraction rings belonged to amorphous. Hence,
the results based on TEM can conﬁrm the promote effect of
appropriate zirconia on mullitiztion proposed in previous text.
The mullitization process of monophase sol had been
studied by many researchers [17,22,24]. However, the control-
ling step in mullitization is still in debate, e.g. nucleation [17],
diffusion [22] and phase separation [24]. Based on the nuclea-
tion-controlling theory, the doping of zirconia at appropriate
content can promote the nucleation process in mullitization
for the increase of the nucleation sites. Furthermore, the
permeating of Zr4þ into oxygen vacancies of mullite lattice
together with the substitution of Si4þ by Al3þ for charge
compensation will also promote the diffusion of the Al/Si
components [25], as well as the defect due to doping [26].(a) and Zr1 (b) samples treated at 1000 1C for 1 h.
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together for zirconia, because of the low solid solubility in
mullite [27]. This process will result in the extra consumption
of activation energy. Moreover, the aggregated zirconia can
inhibit the movement of grain boundary, which can also cause
the elevated activation energy.4. Conclusions
The thermal behaviors of the mullite gel ﬁbers were investi-
gated. The mullite gel ﬁbers exhibit signiﬁcant mass losses
during pyrolysis process. The ﬁrst loss stage occurs from room
temperature to 400 1C, with 47%–50% mass loss, which can
be attributed the evaporation of water, oxidation of organics
and decomposition of nitrates and are conﬁrmed by the
observation of H2O, NO2 and CO2 by in-situ FTIR spectra.
The second loss stage is from 550 1C to 700 1C, in which 3%
mass loss is presented and associated with the decomposition
of the residual nitrates. The doping of 1 wt% zirconia has
promoted the mullitization of gel ﬁbers. The activation energy
of the gel ﬁbers calculated by a non-isothermal method is
ranged between 1145 kJ/mol and 1305 kJ/mol. The smallest Ea
is attained on Zr1 sample due to the promote effect of ﬁnely
dispersed zirconia on mullitization.
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